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TECHNICAL MEMORANDUM NO. 331. 

AT0MI2ATI0N OF LIQUID FUELS. * 
By Dr. R. Kuehn. 

PART III. 

Critical Discus 8 ion of the Experimental Results 

# 

First of all, it has been established that the atomiza- 
tion is very uneven. This is especially noticeable at low 
pressures, where, indeed, most of the drops are quite large, 
but where there are already traces of an oil cloud, which 
consists of very fine drops. 

If we separate the drops into three classes and desig- 
nate those having a diameter of over 0.1 mm as "large," those 
having a diameter of less than 0.05 mm as "small" and those 
of intermediate diameter as "medium," we can then describe 
the course of the atomization, with increasing pressure, as 
follows: The large drops, formed at lower pressures, contin- 
ually decrease in number, as the pressure increases, and fi- 
nally vanish altogether at very high pressures. Conversely, 
the medium drops and, to a still greater degree, the small 
drops increase in number. The mean diameter of a large num- 
ber of drops must accordingly diminish with increase in pres- 

sure. If, on the o ther hand, we shou ld measure the individual 

* From "Dor Motorwagen," Dec. 10, 1924; Jan. 20~and Feb. 10," 
1925. For Farts I and II, see N.A.CA. Technical Memorandums 
No s a 339 and 330. 
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drops, we would almost always find representatives of all the 
orders of magnitude. This is demonstrated by the experimental 
results. If the pressure is increased from the moment when 
the atomization cone first attains its full development, i.e., 
from about 10 kg/cm 2 to 42 kg/ cm 2 , the mean diameter of the 
gas-oil drops decreases from about 0.11 mm to 0.075 mm and of 
the kerosene drops from 0.08 to 0.055 mm. 

The results of the individual measurements differ consid- 
erably from the above figures. They cannot be combined in a 
curve but only included in a zone. The size of individual 
drops can be either far above or far below the size of the 
drops in this zone. Neighboring drops in the same jet can 
differ several fold from one another in size. It seems as 
if the atomization becomes more uniform with increasing pres- 
sure. As a matter of fact, most of the large drops disappear 
at moderate pressures and the zone grows narrower. At higher 
pressures, the atomization appears, to become more uniform, be- 
cause the eye cannot distinguish the different sizes of the 
small drops clearly enough. No narrowing of the zone could, 
however, be confirmed experimentally (Fig. 14). • The fine oil 
cloud, which is formed in ever increasing degree at higher 
pressures and which continues to hover close under the nozzle, 
is very much finer than the small drops in the atomization 
cone* Since only a portion of this cloud reaches the smoked 
glass and is hard to distinguish with the eye, it is probable 
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that, at higher pressures, the actual mean diameter is smaller 
than the one found by measurement. This fine cloud, however, 
constitutes only a negligible portion of the weight of the 
whole fuel jet. This may be of some importance for the com- 
bustion in an engine, as the combustion is presumably initiated 
or accelerated by it. The real combustion, however, which does 
the work in an engine, is that of the conical portion of the 
jet, since this contains nearly all the injected fuel. The 're- 
sults of our experiments apply to the conical jets. Moreover, 
if we are to establish any connection between the degree of 
atomization and the combustion defects, like backfiring, in- 
complete combustion, carbon deposits, etc., we must devote 
our attention chiefly to the largest drops in the jet. In 
this case,, we must elevate the upper limit of the zones. 

In order to discover the relation between the decrease 
in the size of the drops and the atomization pressure, the ex- 
perimental values were plotted on a system of coordinates with 
logarithmic divisions. We thus obtained Fig. 34 for gas oil 
♦and Fig. 35 for kerosene. 

The results of the various gas-oil experiments, with and 
without an atomizer rod, are included in a common zone. They 
demonstrate that no change in the spiral motion nor broadening 
of the cone, at constant atomization pressure, produces any 
noteworthy change irk the size of the drops. This result scorns 
to be inconsistent with the finer appearance of the broader jet. 
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This inconsistency is explained, however, "by the fact that, for 
wider angles, the drops separate more and the whole jet thus be- 
comes clearer and more transparent. Moreover, the jet, by rea- 
son of its greater width, comes into contact with a larger 
quantity of air, which it sets into eddying motions. Since, 
however, the kinematic energy of a wide jet is less, at the 
same atomization pressure, than that of a narrow jet (due to 
the fact that a portion of the pressure is absorbed in the pro- 
duction of the stronger spiral motion and that consequently, 
the discharge velocity is greatly diminished), the wide jet 
cannot impart so much motion to the surrounding air and the 
absolute velocity of the individual drops in the jet decreases 
much faster than in the narrow jet. The smaller drops, in par- 
ticular, are soon deflected from the jet by the air in front 
of it and converted into a cloud which gives the j'et a consid- 
erably finer appearance. 

The zones for both gas oil and kerosene are plotted in 
Fig. 26. At the higher atomization pressures, both zones are 
nearly straight and parallel. In each zone there is drawn a 
central longitudinal lino, which indicates, for each atomiza- 
tion pressure, the approximate mean diameter of the drops in 
all the experiments. These lines begin to run approximately 
straight in the gas-oil zone at about 20 kg/ cm 2 and in the 
kerosene zone at about 7 kg/ cm 2 , i.e., after the atomization 
cone has assumed its final form. Above these pressures, they 
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can therefore be replaced by straight lines. If these lines 
are extended to their points of intersection with the axes of 
the coordinates, formulas can be writ: en for them. These form- 
ulas show the relation between the mean drop diameter and the 
atomization pressure, but, of course, only for the pressure 
region in which the central lines of the zones are straight. 
Other formulas must therefore be used in the region of smaller 
atomization pressures. Since the zones hero widen so much 
more rapidly with respect to the decrease in pressure, it fi- 
nally becomes difficult, in the region of the lowest pressures, 
to find any mean drop diameter. In this region the atomiza- 
tion cone is still in the formative stage and the atomization 
begins at the bottom of a long closed oil spray. Consequently 
the measurements of the drops are no longer reliable, because 
the oil is cut by the shutter. This region, however, is of 
very little importance from the technical standpoint. In the 
region of the high atomization pressures, the validity of the 
formulas is established only to the limits reached in our 
atomization experiments. It is not improbable, however, that 
the contral lines of the zones follow a nearly straight course 
even beyond these limits, at least in the adjacent region of 
higher pressure. 

In determining the formulas for the straight lines, care 
must be taken to begin with 1 in the origin of the coordinates 
for x a 0 and y = 0 in the logarithmic diagram, since 
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0 = log 1. Hence our diagrams receive a special scale of 
height by letting d = 1 for the drops of 0.01 mm diameter. 
Then the actual diaueter of the drope is D * d/100. If, cor- 
responding to the intersection points of the straight lines 
with the axes of the coordinates, we further denote by d Q 
the largest mean diameter of the drops at a minimum pressure 
p = 1 and p e = the maximum pressure at the smallest mean 

# 

diameter of the drops d = 1, we then have 

ls d = lg d °"wr e lSP or lg d ^ tf|; [:lg p<5 - lgp] 

and we obtain for both experimental liquids (due to the paral- 
lelism of the straight lines) the common equations 

3 • 82 

_or D - 0.. 



(3 / 
D - 0.01 », P or D = 0.01 



e.j, 

J* 

In both equations, d 0 or p e is apparently a function of 
the physical characteristics of the liquid and of the medium 
in which the liquid is atomized, i.e., of their viscosity, cap- 
illarity and specific gravity, as also of the shape of the noz- 
zle. For the atomization of a given liquid in a given medium 
through a nozzle of a given type, we may regard the values of 
d 0 and p e as constant. In this case we obtain, for the re- 
lation of the diameter of the drops and the atomization pres- 
sure, D* G2 p = a constant. 

If we compare the course of the gas-oil and kerosene zones, 
it immediately appears that the gas-oil zone is shifted by al- 
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most three-fold pressure toward the right with reference to the 
kerosene zone, i-e., we must employ three times as much pres- 
sure for gas .oil as for kerosene, in order to obtain drops of 
the same size. We thus obtain P^ cr . ■ Pg.o. = 1 : 3, 05. If, 
on the other hand, we compare the properties of the liquids 
we find that the kinematic viscosity of gas oil is also about 
three times as great as that of kerosene. It is 
u ker. : \.o. = 0.023 : 0.074 - 1 : 3.22. We can according; y 
write, in this special case, 

Pker. ; Pg.o- ~ u ker. : "g.o. or P : v ~ constant. 

For p e we obtain, after computing the constants, 

p e = 1,260,000V and correspondingly for the drop diameter 

3 • 82/ 

f V 

D = 0.4 / — 
V p 

If we exarrine this equation theoretically with respect to its 
qualitative correctness, we obtain, for the kinematic viscosity 
v 83 n/P > according to Reynolds law, 

v v / y 2 

D = const. — » const. = const. / — 

JJ J p 

and, for the kinematic capillarity k = a/p $ * 

D 83 const. -4- m const. — 
cr p 

* Surface energy * surface tension x area; hence E = ctF. 
If the energy of flow is contained in the surface energy, we 
have, when r m the radius of the drops, z the number of 
drops and c the velocity. 
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It is obvious that when the first power of p stands in 
the denominator, the square of v must stand in the numerator 
and that the quantity k also belongs in the numerator. 
The latter does not come into the formula, because, in our 
experimental liquids, k ker# : k g.o. = 32.6 : 32.8, or almost 
1. The above formula therefore applies quantitatively only 
to a short portion of the zones and indeed exclusively to 
both our experimental liquids and to our nozzle- For the 
following reasons also, the formula can make no claim to gen- 
eral applicability. It contains the quantity p as the only 
variable* The pressure, as measured in our experiments, can- 
not, however, be exclusively decisive for the degree of atom- 
ization. Since the nozzle was only borrowed and therefore 
could not be drilled, the pressure could only be measured at 
the fuel. pump. Pressure is lost, however, in the pipes, in 
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the strainer which is located just in front of the injection 
valve and in the injection valve itself. A further portion of 
the pressure is absorbed in generating the spiral motion 
through the atomizer rod. Hence only a variable fraction of , 
the measured pressure is converted into velocity at the mouth 
of the nozzle, as can be readily see from the course of the 
discharge and [i curves. For judging the size of the drops, 
it is therefore more important to consider its relation to 
the discharge velocity. 

In order to plot the size of the drops against their ve- 
locity, we must first determine the absolute velocity of the 
jet at the mouth of the nozzle. The fuel receives a radial 
velocity component from the spiral motion generated by the 
atomizer rod. Consequently the axial velocity, as determined 
by measuring the discharge, is more or less below the abso- 
lute velocity, according to the pitch of the spiral* Hence 
the difference between the axial and absolute velocities must 
first be determined. The measurements of the cone angle and 
the discharge coefficients for the higher atomization pres- 
sures, gave the following fairly constant values: 



F or cag-o ll 



Nozzle without atomizer 


, c o 
. o.5 




= 0.78 


" with old " 


26.5 




= 0.74 


" " atomizer II 


43.0 


\t 


■ 0.54 


" " ■ III 


49.0 




= 0.51 
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For kerosen e 



Nozzle without atomizer 


4.5° 


\l 


= 0.8C 


" with old " 


27.5 


(i 


= 0.77 


" " atomizer II 


40.0 


H 


= 0,50 


" » ■ III 


44.0 


H 


= 0.50 


It is obvious that the spiral 


motion 


( or 


conical 



of the jet) considerably affects the discharge coefficients. 

* 

When we consider the \l curves and compare them with the curves 
of the cone angles, it is especially noticeable that, at the 
moment when the cone attains its full development, the |i 
curves change, with a rather short bend, into an almost: hori- 
zontal direction. The greater the angle, the more pronounced 
is this phenomenon. It is also worthy of note that, for atom- 
izers II and III, which have like-pitched grooves, the same 
spiral motion and almost the same cone angle, the discharge 
coefficients \i arc almoct the same, although atomizer III has 
three grooves and atomizer II only two grooves*. The total 
cross-sections of the grooves are therefore as 3:3 and the 
fuel velocities in the rroovec as 2:3. The losses due to 
friction at this point are approximately as the squares of the 
velocities. Consequently the prescure losses, due to fric- 
tion in the grooves of the atomizer rods, cannot be large. 
Since the pressure losses from friction, in the whole system 
of tubes from the purqp to the injection valve, arc equal for 

all the different atomiz ers,* the large reduction of about 30£ 
* See note, foot of p. 11. 
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in |i is apparently due to the large resistance offered to 
the strong spiral motion of atomizers II and III in the narrow 
valve bore. A large portion of the pump pressure must be em- 
ployed to overcome this resistance. It is remarkable that the 
old atomizer gives a cone angle of about 27° , whereby p. de- 
creases by only a very small percentage. The great pressure 
expenditure for producing the spiral motion occurs oh increas- 
ing the cone angle from about 27° to about 44°. Since the ' 
pitch of the grooves in both the new atomizers is to the pitch 
in the old atomizer as 1 : 2, while the tangents of the corre- 
sponding halves of the cone angle are approximately as 1 •: 1.7, 
a larger portion of the radial velocity component is turned 
back by the friction in the long narrow nozzle bore into an 
axial direction, thereby requiring a still further expendi- 
ture of pressure- With an equally strong spiral motion, the 
difference in the viscosity of the liquids seems to affect 
the discharge coefficients but very slightly, since the corre- 
sponding values of \i for gas oil and kerosene differ but 
little. Still their influence on the formation of the cone 
seems to be of a complex nature, since the more viscous gas 

oil produces, with a weaker spiral motion, a some what narrower 
(Rcf . on Page 10. ) 

* Since no change was made in the pressure -oiping during the 
whole series of experiments, the velocities' in the pipes in the 
experiments with atomisers II and III must be smaller, on ac- 
count of the lower discharge velocities. Hence the Pressure 
losses, due to friction in the pipes, must also be smaller than 
in the experiments with the old atomizer or without any atomizer 



K.A.CA. Technical Memorandum No. 331 



12 



cone, but, with a stronger spiral motion, a somewhat broader 
cone, than the less viscous kerosene* In the passage of the 
oil into and through the nozzle, the spiral motion is strongly 
affected by the internal friction of the oil particles among 
themselves and between them and the closely surrounding walls. 
This process and the resulting radial velocity component of 
the jet on leaving the nozzle can hardly be computed, due to 
the roughness of the inside of the nozzle, the rounding of 
the edges and especially the conicity of the passage into the 
nozzle. In the latter a hardly noticeable obstacle can pro- 
duce a spiral motion, which (according to the law that the 
peripheral velocity x the radius is a constant) can become 
very strong, as is often observed in an ordinary funnel, and 
this spiral motion alone often suffices to produce a broad 
cone without any special atomizer rods. Since the effects 
of friction and the shape of the nozzle cannot be disregarded, 
it appears useless to try to compute the radial components of 
the discharge velocity from the pitch of the atomizer grooves* 
We can, however, regard the outside of the cone as the surface, 
into which the jet is deflected by the spiral motion. Most of 
the drops of the jet lie inside the surface of the cone and 
are but slightly deflected. We have noticed, however, that 
the cone is produced by the tearing of an oil spray, which is 
formed immediately under the nozzle and has a bulge (Fig. 21, K) . 
Hence the spiral motion probably corresponds to a somewhat 
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larger cone angle than the actual one, which is diminished by 
the contraction of the oil spray, as a consequence of its sur- 
face tension. We will therefore assume, according to a rough 
estimate, that* the axial discharge velocity decreases as the 
cosine of half the cone anglf. Y/e accordingly oh tail the 
following absolute discharge "velocities oJ 
For nozzle without atomizer, c = w; 

" the old nozzle, c - w/cos 13.5° = w/0.97; 

» nozzle II, c = w/cos 21° = w/0.93; 

ii HI, c ■ w/cos 22° = w/0.92. 

Here w is the axial velocity, obtained from the discharge 
measurements and shown in Figs. 19 and 20. 

If the diameters of the drops are plotted in a logarith- 
mic system of coordinates, this time against c, we obtain 
Fig. 27 for gas oil and Fig. 23 for kerosene. In Fig. 29 the 
zones for both gas oil and kerosene drops are plotted. 
Straight lines were drawn through the zones and the formulas 
were worked out in the manner already described. In these 
formulas p e is replaced by c e = the maximum jet velocity 
(for the smallest mean drop diameter d = l) and d 0 = : the 
greatest mean drop diameter at the minimum jet velocity of 
c = 1. Thus we obtain: 

1. For gas oil, nozzle with old atomizer or without any 
atomizer, 

D = 0.01 3> g^gi - 0.01 y c 2 or D a * 21 c - const. 
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2. For gas oil, nozzle with atomizers II and III, 
D - 0.01 fW« 0.01 /^fi or D 2#33 c * const. 

2«, 3 3/c V C 

3. For kerosene, nozzle with old atomizer, 

e- 53 / 

D = 0.01 - — 2- = o.Ol /-rfi or D 2 ' 53 c * const. 

2-53^ c v c 

From the D-c diagrams, it is first obvious that the # spiral 
motion affects the size of the drops. At the same discharge 
velocity, we obtain much smaller drops with atomizers II and 
III than with the old atomizer or without any atomizer., In 
the D-p diagrams this was not manifest, because so much more 
pressure was required for producing the strong spiral motion 
and because the discharge velocity falls correspondingly so 
much that, for the same pressure/ "the drops have nearly the 
same size. 

Comparison of the zones in Fig. 29, or of the above form- 
las, shows that d 0 not only changes according to the experi- 
mental liquid and therefore depends on its physical properties, 
but also diminishes as the spiral motion increases and must 
therefore depend on the mechanical processes employed in the 
atomization. Similar conclusions may also apparently be drawn 
from the exponents of the equations. % Since the exponent in- 
creases as d 0 decreases, the zones in the D-w diagrams do 
not continue parallel, but lie the farthest apart at the small- 
est discharge velocities and converge as the velocity increases 
We find an analogy for this converging of the zones in the for- 
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mation of the constrictions in the closed jet, especially with 
a small spiral motion, where the differences in the pressures, 
required to produce the same shape of jet in both experimental 
liquids, do not increase in the same degree as the pressure. 
The converging of the zones leads to the conclusion that at 
very high discharge velocities, the diameters of the drops in 
both liquids will finally be approximat ely the same. This 

f 

conclusion can be drawn, however, only with reservations. If 
we arc to picture to ourselves the' further course of the 
zones, beyond our experimental domain, we must first find 
whether the zones can actually continue to be rectilinear over 
a larger region. In the region of our experiments, the cen- 
tral lines of the zones arc only approximately straight and 
this is true, moreover, only for the second portion of the 
zones. The absolute velocity c is the quotient of the ax- 
ial discharge velocity of the jet w and the cosine of half 
the cons angle cp . The experiments show that ? remains near- 
ly constant at the higher atomization pressures and that c 
approximates w x const. Between the jet velocity w and 
the atomization pressure p there exists the relation 

2g * y 

As the pressure increases, the discharge coefficient |i ap- 
proaches a constant final value. In the domain of our exper- 
iments and even where we have already assumed the course of the 
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zones to be rectilinear, \x varies quite noticeably. Conse- 
quently the diameter of the drops, if it should really change 
rectilincarly as a function ox one or both the quantities c 
(or w) or p in the logarithmic system of coordinates, could 
not do this also as a function of one of the other quanti- 
ties. Unfortunately our experimental results are yet insuf- 
ficient to determine definitely whether the zones are recti- 

* 

linear either in the D-p diagram or in the D-c diagram. 
It is possible that the zones in both cases change into curves, 
upward in the D-p diagram with increasing pressure and down- 
ward in the D-c diagram with increasing velocity. As a re- 
sult of the bending of the zones, the exponents of the equa- 
tions must also change. Hence wc can conclude that even 
these are not only a function^of the physical characteristics 
of the liquids, but also of the mechanical processes in the 
atomization and.'nast therefore change with p or w. Even 
the equations in the general form, D n p or D n c = constant, 
are not applicable throughout the whole length of the zones, 
since they were likewise produced only under the assumption 
of the rectilinear course of the size of the drops in the 
logarithmic system of coordinates, while in reality the ex- 
ponents, as well as the constants, are functions of the pres- 
sure (or velocity) and of the spiral motion. It is therefore' 
obvious that the confining of our experimental results to rec- 
tilinear zones must be done with reservations and that the 
validity of the formulas found for these zones, in the .region. 
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where the measurements were made, must be limited for p, 
from about 10 to 50 kg/crn 2 , and for e, from about 30 to 100 
m/sec But although no generally applicable lav/ can be derived 
directly from our experimental results, we can nevertheless 
demonstrate, with respect to the physical properties of the 
fluids that, at the beginning of the cones and hence in the 
region of the minimum jet velocities, the velocities necessary 
to produce drops of like size with a given nozzle, are re- 
lated to one another in approximately the same ratio as the 
viscosities of the liquids. From the convergence of the zones, 
we can further conclude that the effect of the viscosity on 
the formation of drops diminishes as the velocity increases. 
The effect of the surface tension appears, on the contrary, 
to increase constantly as the velocity of the jet increases. 
A t very high atomization pressures, this would cause the zones 
of our two experimental liquids to coincide, since the differ- 
ence in their cat;illarity is small. 

Mixing the Atomized Fuel with Air 

We will now consider the results of the atomization ex- 
periments with reference to the combustion requirements from 
the important viewpoints of atomization, distribution and 
penetration, as mentioned in the introduction. 

The fineness of the drops is not satisfactory. Though 
some very fine drops are formed, especially in the cloud around 
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the nozzle, most of the drops in the jet exceed 0.05 mm in 
diameter at the pressures employed in our experiments. Conse- 
quently, in comprcssorless ("solid injection") Diesel engines, 
very high pump pressures must be employed in order to produce 
drops fine enough for satisfactory combustion. The ultra- 
microscopic investigations of Millikan demonstrate that much 
finer drops can be obtained than in our experiments. His fin- 
est oil drops had diameters ranging from 0.013 down to 0.0006 
mm, probably about the same as^for the oil drops in the above- 
mentioned oil cloud. Millikan 1 s measurements were made on 
individual drops and cannot therefore be transferred directly 
to the mean diameter of the drops in the jet. We may, how- 
ever, assume that the mean diameter of the drops produced by 
Millilcan is much smaller than the values we obtained, because 
he used on air atomizer. With atomization by means of an air 
stream the drops become incomparably smaller than with solid 
injection, of which we can easily convince ourselves by the 
simple observation of experiments with the most primitive gar- 
don sprayers and which is confirmed by comparative experiments 
with compressorless engines and those with compressed-air in- 
j action* 

Concerning the direction and distribution of the drops 
in the jet, much has already been said in discussing the spi- 
ral motion, the formation of the cone and its shape, so that 
it is not necessary to go into details here. In general, it 
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may be said that the distribution of the jet sod its conical 
shape depend mainly on the shape of 'the nozzle and that, v/ith 
our nozzle, this was not very satisfactory on account of the 
relatively small cone angle and especially on account of the 
high pressure required for increasing the cone angle. The 
long atomiser rods are entirely unnecessary, since the requi- 
site spiral motion can be produced by short grooves, while 

the long rods only produce more friction and consequent pros- 

# 

sure losses in the pipes. 

In order to judge the distribution of the drops in the 
combustion chamber, we must discover how much the original 
velocity of the drops on leaving the nozzle is diminished by 
the resistance of the air. A drop encounters a resistance 
proportional to a function which increases with the velocity 
w. At lov/ velocities, the resistance increases in proportion 
to the first power of the velocity and the viscosity of the 
,\ir, since, according to Stokes, formula f « 3 .'W tj d w. 
At higher velocities, the resistance increases (according to 
Newton 1 s law of resistance) approximately as the square of 
the velocity and in proportion to the mass density of the air 
and the projection of the drop in its direction of motion. 

The coefficient is an empirically determined number, which 
must be b function of Reynolds number R. t« f (R). Reynold 
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number is R = — : . 

Wc will determine the latter for the size of our drops 
and select, as an example, an atomization e:xperiment with ker- 
osene at a pressure of 42 leg/ cm 2 . The mean drop diameter 
d = 0.055 mm = 0,000055 a. The mean velocity of the jet (w) 
is about 80 m/sec The kinematic viscosity of the air is • 

v = n~ = -3-^ = £ enf/sec. 
P L Y L Y L 

r\ = 0.00016S to 0-000200 g/cm sec 

? L (for air at 760 mm Hg and 15°0) = 0.001226 g/cm 3 , whence 
we obtain a mean of v = 0.15 cm 2 /sec Hence 

R N r= 80 x 0.000055 x 100 x 100 _ 30Q 

This Reynolds number is extremely small. According to 
Prandtl's experiments on the air resistance of spheres,* a 
velocity of 

would be required (with mechanically similar processes of flow), 
for the smallest sphere (diameter 70 mm) tested by Prandtl. 
No experimental investigations of the processes of flow in 
the air at such low velocities have thus far been published, 
so that it appears doubtful as to which of the two resistance 

* See "Mitteilungen aus der Gottinger I£odellversuchsanstalt," 
No. 16, and "Der Luftwiderotand von Xugeln, 11 C T/ieselsberger , 
in "Zeitschrift fur Flugtechnik und llotorluf tschiff ahrt , » 1914, 
p. 140. 
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formulas applies to the case in hand. We now know, from 
Lenard ! s experiments, that the transition to the quadratic law 
takes place at the final velocity of vrater drops having a diam- 
eter of C.29 mm. According to Stokes 1 formula, this final ve- 
locity is 

w = 2 E x 2 s 

9 T) 



and therefore 



w = 7 Haifis d 2 

18 TJ 



for 

ti = 0.000172 6 i s T] = 5 = 0.0000C175 ^^^Sfi* 

cm x sec g » 

w - 1000 X 0 ; 00029 a „ r B ^ 
18 x 0.00000175 ' 

for which we obtain the following Reynolds number 
t, _ I d . 2.6 x 0,00033 x 1 00 x 100 en 

R ... _ oO 

For our etomization drops of 0.000055 ra diameter, we would 
therefore obtain the following velocity as the upper limit for 
the applicability of Stores' formula, 

W m 2LH m ' 50 * O'lL ~ 13.6 m/sec 

d 0.000055 x 100 x 100 

Our discharge velocities are much greater, so that the quad- 
ratic resistance la* applies. It is only after the drops have 
lost the larger part of their initial velocity that Stokes' 
law can be applied to them. At the velocity limit of 13.6 m/ee 
the resistance computed by one formula must be nearly the same 
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as when computed by the other formula. We can therefore employ 
the following equation 



nd 



a 



3 TT TJ d V/ = ♦ P W 

L & 

from which we obtain 

* B 12 r! „ 13" , 12 
pjdw dw R 

Since we have already obtained the Reynolds number R = 50 

for the velocity limit, v/e have ♦ = ~ = 0.34. This value 

50 

agrees exactly with the resistance figures found by Prandtl in 
his Gcttingen experiments with spheres and we will therefore 
use it in our further calculations. On comparing ^ with 
Lenard's value A « 0.153 (See Part I, Technical Memorandum 
No. 529) , we have 

f - i A « - x 0.153 '= 0.204. 
3 3 

Starting ^?ith atomi^ation pressures of different magni- 
tudes, we will now determine the velocities and distances trav- 
ersed by the drops (for their correspondingly determined diame- 
ters and initial velocities) with relation to the time elapsed 
In order to obtain a comprehensive picture, we will distribute 
the selected atomization pressures over a region extending up 
to 1000 kg/cm 2 . Wo will have to take the corresponding drop 
diameters, in so far as they do not lie within the field of 
our experimental results, from the plotted atomization zones 
and likewise compute the corresponding initial velocities with 
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the aid of extrapolated \i curves. We QBBdbave no fear that 
the extrapolated values may not correspond to reality, because 
as we shall see later, that would make very little difference 
with the results of the computation and none at all with the 
conclusions which can be drawn. The computation will be made 
for two different cases: atomization in the open air, as in 
our experiments, and atomization in a Diesel engine* 

We do not yet know how much the degree of atomization 
changes in the highly compressed air in the engine. However, 
on account of the great importance of this case, we will make 
the computation on the assumption that the size of the drops 
remains the same as in the open air. We shall see later that 
even this assumption can in no way impair the final result of 
the computation. 

For the Diesel engine, we will take the normal case in 
which air at atmospheric tension and about 110°C initial tem- 
perature in the cylinder is compressed to about 33 atmospheres 
additional pressure. The chosen atomization pressures will 
then be greater than the compression tension and will there- 
fore be designated in the computation tables as pressure dif- 
ferences. Kerosene will be the atomization liquid. We will 
divide the timo into very short intervals to correspond to the 
very rapid course of the combustion processes in a Diesel en- 
gine. 

The acceleration force of a drop is P = m — and its 
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mass is B - & = Pp. The force Boot now equal the 

resistance, i.e. 

P « - W 

jl&L o u Sa. = _ * p t = trd a 2 

6 P dt 4 



whence it follows that 



<fw 1.5 Pt, 

. — = ±i W 8 

dt d Pp 



We will now put j: 5 * git = 1,5 j-fo = k and will next dctcr- 

d P P d T p 

mine this constant for each drop diameter in both computation 
cases. 



♦ 
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Table III. 



Velocity and distance traversed by a drop after passing from 
the nozzle into air under atmospheric pressure. 



Pressure difference 
p kg/ cms 


10 


20 


50 


100 


300 


Drop diameter d mm 


0.081 


0.067 


0.053 


0.044 


0.037 


Theoretical discharge 
velocity w t - n m/scc. 


49.2 


63.5 


110 


155 


220 






0.6G0 


0.735 


0.770 


0.785 


0.735 

# 


Discharge velocity 
w Q m/sec 

k l/m k ■ i££5 
d 


• 


b 


OA A 

84.0 


TOT r> 

131. 7 


175 


6.7 


8.0 


10.2 


12.2 


14.6 


L . 

iTime t sec 

i 












• 

Velocity 
v/ m/scc. 


0.00003 

0.0C003 

0.0001 

0.0003 

0.0005 

0.001 


33. 4 
32.2 
31.8 
31.1 
29.3 
26.6 


50.6 
50.0 
43 . 0 
47.1 
42.5 
36.2 


33.4 
81.2 
78.0 
72.2 
53.3 
45.4 


118.0 
113.0 
106.0 
34.0 
70.0 
43.0 


166.0 
155.0 
133.0 
116. C 
77.0 
43.2 


. 


0.002 


22.6 


28.0 


31.0 


30.7 


23.6 


0.005 


13.5 


16.8 


15.3 


14. 5 


17.7 


1 + w G kt 


0.01 
0.02 


10.2 
6.1 


10.0 
5.6 


8.8 
4.6 


7.7 
4.0 


6.6 
3.35 


' j 

. " - 

Distance 
trav ersed 
s in 

s=i lo S (l+w 0 kt 


0.00002 

0.00005 

0.0001 

0.0002 

0.0005 

0.001 

0.002 

0.C05 


0.00053 

0.00164 

0.00*325 

0.00643 

0.01 56 

0,0237 

0.0545 

C.lOl 


0.00003 

0.00243 

0.00502 

0,00985, 

0.0238 

0.0423 

0.0748 

0.133 


0.00165 

0.00413 

0.0081 

0.0156 

0.0350 

0.0608 

0.0387 

0.164 


0.00242 

0.00585 

0.0113 

0.0213 

0.0454 

0.0744 

0.113 

0.175 


0.0033 

0.0033 

0.0156 

0.0283 

0.0564 

0.0870 

0.124 

0.180 


) 0.01 


0.173 


0.203 


0.222 


0.226 




0.02 

1 


0.250 


0.277 


0.285 


0.280 


0.270 



H.A.C.A. Technical Memorandum Ho. 331 



26 



Tabic III (Cont. 



Velocity and distance traversed by a drop after passing from 
the nozzle into air under atmospheric pressure. 



Pressure difference 
p kg/ cm 3 


400 


600 


800 ' 


1000 


Drop diameter d mm 


0.031 


0.028 


0.026 


0.024 


Theoretical discharge 
velocity w-fch m/sec. 


311 


381 


440 


492 


M- 




0.805 


0.810 






Discharge velocity 
w 0 m/sec. 


250 


308 


357 


400 


k 1/m k - ' 5 J 5 
d 




17.6 


19.5 


21.1 


22.5 




Time Tsec- 












0.00002 
0.00005 
0.0001 


230 
205 
174 


275 
237 
192 


310 
258 
204 


393 
276 
210 


Velocity 
w m/ s ec . 


0.0002 


loo 


1 A A 


T A 'Z 

14o 


140 


0.0005 


78 


77 


75.2 


72.8 


w = ° 

1 + w 0 kt 


0.001 

0.002 

0.005 

0.01 

0.02 


46.3 
25.5 
10.9 
5.6 
2.8 


44 
23.7 
10.0 
5.05 
2.54 


42.0 
22.3 
9.2 
4.5 
2.36 


.40.0 
21.0 

4.4 
2.2 


Distance 
, traversed 


0.00002 

0.00005 

0.0001 

0.00C2 

0.0005 

0.001 


0.0048 
0.0113 
0.0207 
0.0358 
0.0660 
0.0959 




0.0058- 
0.0134 
0.0241 
0.0404 
0.0711 
0.1000 


0.0066 
0.0152 
0.0265 
0.0434 
0.0742 
0.101 


0.0074 
0.0165 
0.0285 
0.0458 
0.0756 
0.102 


s m 


0*002 


0.1295 


0.1315 


0.131 


0.130 


8=^log(l+w 0 kt) 


0,005 

0.01 

0.02 


0.178 ■ 

0.216 

0.255 


0.176 
0.211 
0.246 


0.173 
0.205 
0.238 


0.170 
0.200 
0.23J. 
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Table IV.." 



Velocity and distance traversed by a drop after passing from 
the nozzle into ?.ir under 32 ata. additional pressure. 



Pressure difference 
p kg/cn 2 


10 


20 


50 


100' 


200 . 


Drop diameter 


d EE 


0. 0R1 


0. 067 


0.0^3 


0. 044 


0 037 


Theoretical discharge 
velocity n/sec. 


49 .2 


69. 5 


110 


155 


<^20 






0.660 


0.735 


0.770 


0.785 


0, 795 


Discharge velocity 
w 0 n/sec. 

k 1/m k - 1 5 ^ 5 


32.5 

99 


51.0 

120 


84.0 
150 


121.7 

182 


175 

220 




T ine tscc 














0.C0002 
0.00005 


30. 5 
28.0 


45. 5 
39.1 


67 . 5 
51.6 


84.4 
57.7 


99 
60 




0.0001 


24.6 


31.6 


37.3 


37.8 


36.1 


Velocity 


0.0002 


19.7 


23.0 


23.9 


22.4 


20.1 


w m/ sec. 


0.0005 


12.5 


12. 6 


11.5 


10.0 


8.8 




0.001 


7.7 


7.2 


6.2 


5.2 


4.4 


w o 

w - 


0.C02 
0.005 
0.01 


4.4 
1.9 
1.0 


3.9 
1.6 

0.82 


3.2 
1.3 
0.66 


0 7 

1.1 

0.52 


2.2 
0.9 
0.45 


1 + W 0 kt 


. Distance 
traversed 
s m 


0.00002 
0.C0005 
0.0001 
1 0.0002 


0.00063 
0.0C151 
0.00282 
0.00503 


0.00096 
0.C0222 
0.00398 
0.00664 


0.00151 
0.00327 
0.00546 
0. 008 44 


0.00302 
0.00411 
0.00644 
0.00931 


0.00259 
O.OC487 
0.00718 
0.00983 


I 0 . 0005 
0.C01 
0.002 


0.0097 
0.0145 
0.0202 


0.0117 
0.0153 
0.0315 


0.0133 
0.0174 

0.0218 


0.0137 
0.0175 
0.0209 


0.0136 
0.0171 
0.0198 


s=llog(l+vv 0 lit) g'C05 


C.0287 


C.C288 


0.0278 


0.0259 


0.0239 


0.0354 


0 • C34«i 


0.0324 


0.0397 


0.0270 
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Table IV (Cont.) 



Velocity and distance traversed by a drop after passing from 
the nozzle into air under 32 atm. additional pressure. 



Pressure difference 
p kg/crn 2 


400 


600 


800 ' 


1000 


Drop diameter d mm 


0.031 


0.028 


0.026 


0.024 


Theoretical discharge 
velocity m/sec. 


311 


381 


440 


492 


M 




0.805 


810 


0.812 


0,814 


Discharge velocity 
w 0 m/cec. 


250 
260 


308 


357 


400 


k l/rn k - - 5 * 5 - 
d 


290 


312 


330 




Tine t sec 












0.00002 


109 


111 


110 


110 


Velocity 
w m/ sec. 

w o 

1 + wo kt 


0.C0005 

0.0001 

0.0002 

0.0C05 

0.001 

0.002 

0.005 

0.01 


58.9 
33.4 
17.9 
7.5 
3.8 
1.9 
0.77 
0.38 


56.4 
31.0 
16.4 
6.8 
3.4 
1.7 
0.69 
0.34 


54.1 
29.2 
15.2 
6.3 
3.16 
1.58 
0.64 
0.32 


52.6 
28.2 
14.6 
6.0 
3.0 
1.51 
0.60 
• 0.30 




0.00002 
0.C0005 
0.0001 


"0-00320 
0.00557 
0.00775 


0.00353 
0.00586 
0.00792 


0.00377 
0.006C5 
0.00802 


0.00392 
0.00516 
0.00804 


Distance 


0.0002 


0.01014 


0.0101 


0.01009 


0.01002 


traversed 
s m 

s=-^log(l+\v 0 kt) 


0.0005 
0.001 

0,002 
0c005 
0.01 


0.0135 
0.0151 

0.0187 

0.0222 

0.0249 


0.0132 
0.0155 
0.0179 
0.0210 
0.0234 


0.0129 
0.0151 
0.0174 
0 . 0203 
0.0225 


0.0127 
0.0148 
0.0169 
0.0197 
0.0218 
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In both caccs v;c have approximately 

Yp (kerosene at 18.6°C) = 0.812 x 1000 = 812 kg/cm» 

P = m « 82.6 k * ^ sec..' 
* 9.91 m 4 

1. Atomization in open air. 

7 L (air at 760 mm Eg and 15°C) = 0.001226 g/cma 

p ^- 1^836 m 1 kg x s ec* 2 
L 9.81 8 ' m 4 

2. Atomization in engine. 

For polytropic compression, we have 

n- 



& = (^fand i = fry 



Then p --- 1; p^ = 33; n = 1.3; T 1 = 383°; 7 2 * 18 kg/m3 
and T 2 = 858°. p - = 1-84 x sec.s 

We then have for k: 
In open air, 

L 2 8 x 82 . o d m J 

i, 0. 545 



In engine, 



k . 1.5 x 0.24 x 1000 x 1.84 C l fQr d in m] 
«w do • o a m 



8 
d 



After determining the constants for both computation case 



N.A.CA. Technical Memorandum No. 331 



30 



by dividing by the individual drop diameters, we again continue 
our first computation. 



dw 
dt 



w t 



= - k dt / Af - k / dt 

w 0 o 

1 - JL = kt l a 3 + w O k t 

W W Q W W<$ 



W = 



1 + w~ki 



If we designate the distance traversed by s, we have 

dq w n dt 



w « af hence d s = j + ^ 

s t 
r j y w o d * 

/ d 8 * J z~Z TT 

o o 1 f v/ okt 

s * i In (1 + w 0 k t) 

The velocities and distances, computed according to the 
above formulas, are given in the accompanying tables, both 
for atomization in the open air (Table III) and in an engine 
(Table IV). In order to make the computed results still clear- 
er, they are plotted in Figs 30-31 against the time and the 
atomization pressure. 

The computation shows that the velocity of a drop dimin- 
ishes very rapidly with reference to the tine and that, there- 
fore, the distance traversed almost completely ceases to in- 
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crease after a few thousandths of a second* 

As an example suited to the operating conditions of a com- 
pressorless Diesel engine, we will consider the behavior of 
a drop which has a diameter o v f 0.03 mm a,nd is driven by a puirrp 
pressure of 432 atm. , with an initial velocity of 250 m/sec, 
into a compression chamber full of air under 32 atm. above 
normal atmospheric pressure* After 0-0001 second its velocity 
is only about 30 m/sec and the distance traversed is only 
about 8 nan. After 0.001 sec the velocity has fallen to about 
4 m/sec. (Here Stokes 1 law must already apply) and the dis- 
tance has increased to 16 mm. After 0.01 sec. the velocity 
has fallen to only 0.4 m/sec (practically 0) and the distance 
traversed has about reached its upper limit. In the meantime, 
however, the combustion process must have been completed. 

Whether the drops are a little larger or smaller does not 
affect the gist of the matter. For the case in the engine, 
the most we can assume is that the drops, produced by injec- 
tion into the compressed air, are, on account of the greater 
air resistance, smaller than in the open air. If they should 
be very much smaller, our computation would give very crude 
results. 

The smaller the drops, the faster they lose their velocity. 
Even if, with increasing pressure, the smaller drops, on ac- 
count of their initial velocity, traverse a longer distance in 
the first moment,, this distance approaches its upper limit all 
the more rapidly and the larger drops, which are produced at a 
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lower pressure and therefore have a lower initial velocity, very 
soon overtake the smaller drops. We therefore obtain, for a 
given time interval with increasing atomifeation pressure and 
consequent decreasing size of drops, first an increase in ve- 
locity and distance and then a decrease in "both. The limit is 
indicated in the tables, by a heavy dividing line- As the time 
increases, the limit is shifted farther into the region of 
smaller atomization pressures. This means that in order to go 
the farthest, a drop must be larger in proportion to the time 
allowed >it to traverse the distance. The maxima are so in- 
conspicuous in the plotted diagrams that they can hardly be 
distinguished. 

In the open air, the distance traversed by a drop is 
counted in centimeters and... in the engine only in millimeters. 
We can, therefore, sum up the result of our computation in a 
sentence: In the short time required for the combustion, a 
single drop does not have the power to penetrate the air any 
appreciable distance. 

That the drops do, nevertheless, penetrate the space, is 
due to the whole jet, which imparts to the surrounding air a 
whirling motion, which carries the individual drops along with 
it. The .total kinematic energy of all the drops is therefore 
transmitted to the air. The air is not given a stationary 
whirling motion, but a flow in the direction of the jet : Its 
velocity is accelerated by the drops, while the velocity of 
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the drops themselves is diminished. The drops are thus, in 
fact, soon brought to a standstill in relation to the air, 
but the task of distributing the drops in space has been trans- 
ferred to the surrounding air. This phenomenon was beautifully 
shown in the v/ater-f illcd glass balloon, since the density of 
the water was about 56 times as great as the density of the 
air compressed at 32 atm. and the motions were correspondingly 
slow. 

If we have a jet in the form of the surface of a cone, 
then the surrounding air, at least in so far as the drops are 
fairly contiguous, attains almost the same velocity as the jet, 
while the air inside the cone forms eddies and likewise flows 
back on the outside with the formation of eddies. The finest 
drops are the most easily deflected by the air eddies outward 
or inward from the hollow cone. We can therefore understand 
how a fine oil cloud is formed outside the cone, especially 
at high atomization pressures, and is carried upward in shreds. 
The experiments in catching the drops on a pad always showed 
that the smallest drops were in the center and on the periphery 
of the atomization pattern. When, on observing a j et in the 
open air, such a small urop flies from the side of the cone 
it is seen to describe a very short curve and immediately lose 
its velocity and perhaps even be carried upward by the air. 

Even when the jet has just left the nozzle, its velocity 
with relation to the air (so long as the jet is continuous) 
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is small in comparison with It 6 absolute velocity in space, 
since the air from above flows down along the nozzle in the 
direction of the jet. Consequently, we must assume that the 
resistance of the air can exert but a relatively small influ- 
ence on the formation of the drops. 

The transfer of the energy from the jet to the air is ac- 
complished all the more completely, the closer the surface of 
the jet is exposed to the air. It is therefore useless to tear 
the jet apart by a very strong spiral motion with the object 
of distributing the drops as much as possible in the combus- 
tion chamber, for the broader the cone, the greater is the 
mass of air it must set in motion and, therefore, the smaller 
the velocities (for jets of equal -strength) which will be im- 
parted to the air currents* For this reason, as demonstrated 
by Hawk os, Chaloner, Kesselmann and others, nozzles with sin- 
gle smooth bores, without any artificially produced spiral mo- 
tion, and giving only a moderately broad conica.l jet, have 
proved to be the beet in practice, especially for large engines. 
On the other hard, it is possible to so adapt the shape of the 
combustion chamber., that the air will flow in certain direc- 
tions along its walls and thus effect the most thorough distri- 
bution of the fuel in the chamber. 

From the above, it follows that, along with the fineness 
of the drops, the most important condition for perfect combus- 
tion is the suitable circulation of the air. This is also dem- 
onstrated by the good results recently obtained with engines 
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having a specially shaped piston for setting up eddies in the 
combustion chamber, and likewise with engines in which the en- 
ergy resulting from a preliminary partial explosion is utilized 
to drive the fuel into the combustion chamber, while simulta- 
neously setting up eddies in the air. 

In conclusion, let us briefly compare a n sol id- inject ion 11 
engine with an "air-inj ection M engine, with reference to the 
production of air eddies by the energy of the jet. The energy 
of a jet, as it leaves the nozzle, is given by the expression 
—J—. In the "air-inj ection" method there is, in addition to 
the fuel charge, an almost equal mass of compressed air which 
receives through its expansion a very high exit velocity which, 
in turn, is also imparted to the oil drops enclosed in the com- 
pressed air. In order to produce an equally great energy of 
flow by "solid injection," an extremely high pump pressure 

would have to be employed.* It is, therefore, obvious that 

* Neumann, "Unt er suchungen an der Diesel-maschine'- 1 Z.d.V.d.I., 
1923, p. 755. 

For a 50 HP. engine under full load and n ■ 216 R.P.I.I. , in a 
working test, the load wp.s found to be: 
Gas oil (7 ■ 0.378) - 0.00165 kg; 

Injection air (15°C, 1 atm.) ■ 0.001228 rrP = 0.00146 kg. 
The discharge velocity (w), with adiabatic expansion, under an 
"air-inj ection" pressure of 61 atm. (50 C) against a compres- 
sion pressure of 35 atm., is 506 m/sec. The energy of flow is 

E - G air + G fuel ) fg * 14.8 m/kg 

The production of the same energy by pressure atornization ("solid 
injection") requires: 

" = / Ur8 0 "o0165°" 81 " J™™ " 

p = ^ 7?- and on the assumption that n = 0.8 is 
, ^ p. 3 2g s 

(Continued at foot of next page? 
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the n air- injection" method is vastly superior to n solid inj ec- 
tion 11 for producing turbulence in the air. 

The different jet forms, described in Part II, Technical 
Memorandum No. 330, lead to the conclusion that neighboring 
liquid particles in the jet have velocities of different mag- 
nitude and direction. Even in the orifice of the nozzle, dif- 
ferences in velocity are produced by the retardation, through 
friction, of the particles next to -the wall. These particles, 
in turn, retard the neighboring particles toward the center 
of the jet. Hence the velocity is highest in the middle of 
the jet and diminishes toward the outside. The different di- 
rections of the liquid particles are due to the shape" of the 
walls between which they flow and to the spiral motion of the 
jet. 

After the liquid particles have left the nozzle with a 
certain velocity and direction, they move freely through the 
air and set it likewise in motion. All the particles, both of 
the liquid and of the air, have, at every point, a force K T 
corresponding to their mass m and their acceleration b. 
Hence ftp = m b. 

The resulting acceleration force is determined by the fol- 
lowing forces: 



* 



(Continued from Page 35) 

d m 17GG0 : 
p 0.64 x 2 : 

Hence the injection must be about twenty times as large. 



17G00 x 0.878 ' _ 1230 kcr / cm2 
0.64 x 2 x 9.81 x 10 lo5U Ks/cm 
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1. The force of gravity found by multiplying the 

mass m by the acceleration due to gravity g. Hence K s = mg. 
If, under the influence of gravity, the processes of flow take 
place in accordance with the lav/ of mechanical similitude, we 
have, according to Froude, c/J~T = const.* If the correspond- 
ing velocities, distances and times are designated by o c 2 , 
l 1 l^y \ t 2 , the following relations exist between their 
ratios: 



c, 



h h = hL * /±i 



^2 J I 2 1 2 ^2 2 / 

2. T he forces of friction K r, due to the viscosity of 

the liquid and of the air. If the coefficient of friction is 
designated 1 by r\ and if 6c/6u denotes the velocity variations 
6c, while advancing a distance 6u in the vertical direction 
on the friction surface, then the molecular or adhesive ten- 
sion, produced on the area F by the viscosity of the liquid 
and of the air, is r\ whence we obtain K R = f| |~ F, as 

the force of friction. 

In mechanically sirriilar processes, the Reynolds law ap- 
plies to the liquid friction and, if we designate the mass den- 
sity of the liquid by p ■ 7/g and its kinematic viscosity by 
v ~ Tl/p, we obtain ol/i? - const. The following relations 
then exist between the ratios of the velocities, distances and 
times: 



*Weber, "Die Grundlagen der Achnlichkeitsrr.echanik und ihre 
Verwertung, " Jahrbuch der Soblff bautechnischen Gesellschatt, 
1919. 
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3. The capilla ry f o rces due to the surface tension of 
the liquid. The tension in the top layer of a liquid a (cap- 
illary constant) is due to a capillary force K k , which acts 
along a unit distance on the surface. Hence K K = cc i . In 
analogy with the Reynolds law, a corresponding law can be de- 
rived for mechanically similar processes due only to the effect 
of capillary forces. If we again designate the mass density 
of the liquid by p = Y/g and its kinematic capillarity by 
^ 58 o/Pj we obtain * const. For the relations between 
the velocities, distances and times, we then have 

°* J ** i* J ** W * a / 

In order to determine the simultaneous effect of the vis- 
cosity and capillary forces for mechanically similar processes, 
the following conditions, derived from the above formulas, must 
be fulfilled: c v/k ■ const.; also c r\ /a = const. For the 
• velocities, distances and times, we then have 

While, in the separate consideration of the effect's of gravity, 
viscosity and capillarity for mechanically similar processes, 
the choice of the ratio of one of the three quantities, c, I, 
and t, remains open, neither of the ratios is optional for 
the mutual effect of viscosity and capillarity, but they are 
all determined by the physical properties of the liquids com- 
pared. 
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If gas oil is designated by the index 1 and kerosene by the 
index 2, we obtain, for our two experimental liquids, 

O* • O2 : - 1 • 3 • 2 ^1* ^2" 10 • 3 t^ • t2 = 33 

These ratios are impracticable for our experiments. In this 
connection, it is only necessary to call attention to the fact 
that the nozzle employed in the gas-oil experiment 8 would have 
to have a diameter 10.3 times as large as in the kerosene ex- 
periments. We can, therefore, with our two liquids, produce 
no mechanically very similar phenomena and oust content our- 
selves with an approximate comparison of the liquids with re- 
spect to the different forces individually, whereby the simul- 
taneous effect of the other forces must be disregarded. This 
does not matter, in so far as it regards gravity, since the 
latter, on account of the high velocities of the liquid parti- 
cles, can exert but a relatively small influence on them. On 
the other hand, it naturally would make a difference to disre- 
gard completely, on one occasion, the el feet of the frlction&l 
forces and, on another occasion, the effect of the capillary 
forces, since both, acting simultaneously, must exert a very 
great influence on the processes in the jet. We have two liq- 
uids who se viscosity differs greatly, while their capillarity 
is almost exactly the same. We can, therefore, at least es- 
tablish approximately similar mechanical phenomena, whether the 
effect of the viscosity or of the capillarity is the greater. 
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The frictional forces make it necessary, when L : l 2 = 1 
is chosen, that c 1 : c 2 = 3.2 and, when o. J c 2 » 1 is 
chosen, that I : i 2 f 3.2. For the capillary forces, we 
must have c 1 : c 2 = 1, when l 1 : l 2 ■ 1, and conversely. 

On considering the jet forms in the order of their occur- 
rence with increasing pressure, we find that at first, with 
very small pressures and correspondingly small discharge veloc- 
ities, the flow in the nozzle is laminar, but that it subse- 
quently becomes turbulent at higher pressures. This phenome- 
non inside the nozzle is due to friction. The transition fro:;: 
the laminar to the turbulent flow takes place, according to 
Reynolds, at a velocity of c = Rv/l - If the inside diameter 
of the nozzle, d « 0.53 mm, is substituted for I in the 
computation, then R is approximately 2000, an empirically- 
found number, which applies to fluid streams in smooth tubes 
(See Kohlrausch, " Fraktische Physik," 1921, p. 249). The 
critical velocity was found to be 23 m/sec for gas oil and 
8.7 m/sec. for kerosene. The corresponding atomization pres- 
sures, without any special device for producing spiral motion, 
arc 8.8 kg/ cm 2 for gas-oil and 4 kg/ cm 2 for kerosene. In the 
experiments without atomizer rods, it was found that, as soon 
as these pressures were reached (i.e., at the instant when the 
flow inside the nozzle became turbulent) the sickle-shaped 
phenomena and constrictions began to appear. In the experi- 
ments with atomizer rods, on the other hand, the sickles and 



\ 
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constrictions of the stream were found to begin at a lower 
pressure. In fact, the stronger the spiral motion, the lower 
the pressure. For gas oil the pressure varies from 4.5 kg/ cm 2 
down to 2 kg/cm 2 ; for kerosene, from about 3 kg/ cm* down to 
2 kg/ em 2 . The stream inside the nozzle is set in rotation by 
the spiral motion, whereby the peripheral velocity of the liq- 
uid particles increases inversely as their distance from the 
longitudinal axis of the nozzle. The velocity dif f erences ' of 
neighboring liquid particles increase according to the size 
and direction of motion of the particles. It is obvious that 
turbulence thus begins sooner than in a stream where all the 
particles move in nearly the same direction. The Reynolds 
number, for a stream with a spiral motion, must therefore de- 
crease as the latter increases. At the instant the flow in 
the nozzle becomes turbulent, the liquid particles are separat- 
ed from the walls by vortices. This diminishes the resistance 
due to friction with relation to the increasing resistance of 
the eddies inside the stream and the velocity differences of 
neighboring particles suddenly diminish, which is recognizable 
in the rapid projection of the sickles from the mouth of the 
nozzle and their rapid increase in length for any further 
slight increase in pressure. So long as the flow is laminar, 
the particles on the surface of the jet have such a low veloc- 
ity that the radial components of the latter, produced by the 
spiral motion, cause no visible change in the smooth cylindric- 
al shape of the jet necessitated by the capillary force. Dur- 
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ing the beginning of the turbulence, however, the velocity of 
the ^articles on the surface of the stream increases rapidly, 
as likev.ise its radial components, thus causing the jet to 
widen. At this moment the rapidly increasing effect of the 
spiral motion, just under the nozzle orifice, is evident. So 
long, however, as the surface of the jet retains closed, as 
the result of its capillary force, the jet oan spread only in 
one direction. In the other direction, it becomes all the 
thinner and the sickles and fan-shapes are formed. The capil- 
lary force also increases proportionally with the linear widen- 
ing of the sickles. By the latter, the fluid particles which 
possess an outward motion are again deflected back toward the 
middle of the jet. Consequently the particles describe curves 
and come together again in a node. Their paths intersect and 
new sickles are formed. At the beginning of the phenomenon, 
i.e., so long as the jet closes again in a node under the last 
sickle, the surface of the sickle increases as the velocity 
of the jet increases- Since, with a strong spiral motion, 
the turbulence phenomena and sickles occur at lower discharge 
velocities and the sickles grow wider, the length of the sick- 
les is considerably less in the discharge experiments with 
atomizers II and III. 

Farther down on the jet, at the distance L 2 from the 
nozzle (Fig. 21, A), the outermost lawyers of liquid gradually 
begin to separate from the jet, by overcoming the capillary 
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force, and break up into drops* This phenomenon is caused by 
the friction of the air and takes place, at the different veloc 
ities of the jet, approximately according to the law of mechan- 
ical similitude, i.e., as the pressure ana velocity increase, 
the separation point moves upward and L 2 becomes shorter. 
For gas oil, flowing without spiral motion, we fina, when L 2 
and the corresponding discharge velocity are introduced into 
the Reynolds formula at a pressure increase of 6-10 kg eras, 
that the closed jet begins to break up at a number 
R ~ 1,500,000 down to 1,200,000. T/ith increasing discharge ' 
velocity, the number R decreases somewhat, but if, on the 
other hand, the constant for the formula of the capillary force 
is determined, values are obtained which increase from about 
6,600,000 to 8,300,000. It follows, therefore, that both cap- 
illary and frictional forces aid in causing the phenomenon. 

If we compare the formation of similar sickles and con- 
strictions for gas oil and kerosene, we note, in the discharge 
without spiral motion, that the velocity ratios for like 
lengths are the largest at the beginning of the phenomena and 
decrease with increasing length of the individual sickles and 
the corresponding decrease in their number. If we use the 

index 1 for gas oil and 2 for kerosene, we have: 

\ 

For 3 sickles of about 60 mm total length, 

P 1 = 11 kg/ cm 8 p 2 = 4^-5 kg/ cm 2 e, 8 c 2 ~ 2.6 

For 2 sickles of about 60 mm total length, 

p a = 12 kg/cm 2 p 2 = 6$ kg/ .cm 2 Cl : c 2 ~ 2.0 
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For 1 sickle of about 60 ran length, 

■ 13 kg/ oo 8 p 2 8 kg/ cm 8 o l : o 2 ~ 1.4 

If only frictional forces were present, the length-ratio con- 
stant would be 3.2, while if only capillary forces v/ere acting, 
it would be 1. From the decrease in the length ratio, we nay 
therefore conclude that the effect of the frictional force has 
much to do with the formation of the sickles, but that it de- 
creases to the same degree as the effect of the capillary force 
increases with the increasing size of the individual sickles. 
If the discharge takes place with a spiral motion, the length 
of the sickles is considerably less and it is no longer possi- 
ble to obtain sickles of the same length and number with both 
experimental liquids. 

The further course of the transition from laminar to tur- 
bulent flow is characterized by the fact that, after the total 
length of the sickles has reached its maximum, the lowest con- 
strictions begin to change into an atomiza,tion cone. After 
the dissolution of the last node, there remains an oil spray 
which has the shape, due to the spiral motion, of an opening 
fan, whose length L (Fig. 21, G and H) rapidly diminishes 
and whose lower edge breaks up into drops. The decrease of L, 
with the increase in the discharge velocity, indicates that a 
mechanical similarity of the processes of flow is again being 
established in connection with further velocity increases. 
After the oil spray 1ms become very short, it rolls together 
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into a cone, under the influence of the spiral motion. If we 
compare the two experimental liquids, when they have the same 
conical shape and the same length of the oil spray (round con- 
ical shape, like Fig. 21, J or K, length of oil epray 
L = 2 to 3 mm) with reference to the discharge velocities, we 
obtain 

1. For nozzle without atomizer, 

p 1 = 17 kg/ cm 2 c 1 = 45 m/sec 

Oj • cu ~ 1.3 

P 2 = 11 ,f Co =35.5 m/sec. 

2. For nozzle with old atomizer, 

p x = 13 kg/ cm 2 c x = 35.5 m/sec. 

c, • c P ~ 2 • 1 

p 2 * 5-6 * a, = 17.0 » 

3* For nozzle with atomizer II, 

p a = 9 kg/ m* c 1 ■ 22.5 m/sec. 

On • ~ 2 . 2 

p 2 = 5 M c 2 = 10.5 ■ 

4. For nozzle frith atomizer III, 

p a = 7j kg/ cm 2 c x * 18.5 m/sec. * 

c . • c 2 ~ 2 • 5 . 

r 2 - 4i ■ c 3 = 8 

The stronger the spiral motion, the mere important the influ- 
ence of the frictional fores becomes, with the production of 
similar jet shapes to he judged according to the velocity ratio 
of the latter. If the discharge of both liquids occurs with- 
out the spiral motion, or with equally strong spiral motions, 
the phenomena connected with the formation of the atomization 
cone, with increasing velocity, apparently depend increasingly 



N.A.C.A. Technical Memorandum IIo. 331 43 

on the effect of the capillary force, when we introduce into 
the comparison the velocity ratios previously found for simi- 
lar sickle formations. 

After the transition from laminar to turbulent flow is 
completed, then, as in laminar flow, a recurrence of the me- 
chanical similarity cf the flow phenomena, at different veloc- 
ities for one and the same liquid, is to be expected.. In the 
breaking up of the oil spray into drops, in case only capillary 
forces were present, the drop diameters would have to decrease, 
according to the law of capillarity, inversely as the square 
of the velocity. The formulas, derived from the experimental 
results (*pages 6, 7 and 8) prove, however, that the decrease 
in the drop diameter takes place only in the inverse ratio to 
J c and hence in a reach less degree than one would suppose. 
The reason for this is to be sought in the other forces act- 
ing in the jet simultaneously with the capillary force. In 
the discharge without the spiral motion, we obtain, for the 
same sized drops of gas oil and kerosene, the following veloci- 
ty ratioq: 

Drop diameter = 0,2 mm, c 1 :c 2 =^ 8.3 m/sec :3.3 m/sec -2.5 
B 11 * 0.1 " c x :o^« 33 " : 19 " -2.0 

M ■ - 0.05 » c l lc 2 -~- 178 ■ :107 ■ -1.7 

Therefore it is necessary to determine, with increasing veloc- 
ity, a transition from the constant which fixes a value for the 
exclusive effect of friction forces to the corresponding number 
for the capillary forces. 
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under what conditions an oil spray breaks up into drops* In 
further experiments , the relations should be so fashioned as 
to enable the formulation of a theorv on the basis of the 
law of mechanical similitude. The experiments should there- 
fore, be comparative and employ mechanically similar processe 
For example, parallel experiments to the above might be under 
taken with two liquids differing as greatly as possible in, 
capillarity, while having the same viscosity. 

The main ob'ject of this investigation was to determine 
the size of the drops in mechanical atomization. Should it, 
however, prove to be an incentive for further attempts to 
solve the problem of atomization, it would be a very gratify- 
ing result* 

Translation by Dwig'ht LI. Miner, 
national Advisory Committee 
for Aeronautics. 
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Fig. 24 Experiments with gas-oil. 

Size of drops plotted against 
the atomization pressure. 
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Fig. 27 Experiments with gae-oil. Size of arope plotted 

against the discharge velocity. 
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Fig. 29. 
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